OBJECTIVE -Success after islet transplantation can be defined in terms of insulin independence, C-peptide secretion, or glycemic control. These measures are interdependent and all need to be considered in evaluating ␤-cell function after islet transplantation. For the current study, a composite ␤-score was developed that provides an integrated measure of ␤-cell function success after islet transplantation.
I
slet transplantation typically offers stabilization of blood glucose control, elimination of problematic hypoglycemia, and, frequently, insulin independence (1-4) and is being increasingly used worldwide (5-7). However, formal stimulation tests with intravenous glucose or arginine demonstrate that ␤-cell reserve is often not completely normalized (1) . Clinically, there is a spectrum of outcomes after islet transplantation, with some patients completely insulin independent with absolutely normal glucose profiles. Others have residual endogenous insulin secretion but may require supplementary insulin or oral hypoglycemic agents (OHAs) to maintain appropriate glucose control, and some lose endogenous insulin secretion.
The simplest measure of success after islet transplantation is insulin independence. However, after islet transplant, a patient may be off insulin and yet have glucose values that are elevated with a raised HbA 1c , clearly a suboptimal outcome. Equally, a patient may be taking insulin but, by virtue of some endogenous insulin secretion, have perfectly stable glucose values and excellent glucose control. In this setting, islet transplantation may be considered very successful even though the patient does not achieve insulin independence. C-peptide levels are useful for documentation of islet graft survival, but interpretation of the C-peptide values independent of simultaneous glucose levels is of limited value in deciding if ␤-cell function is adequate. Finally, simple measures of glucose control, such as fasting glucose, HbA 1c , and glucose-toinsulin ratios, are useful but difficult to interpret if OHAs or insulin are being used.
Thus, there is need for a composite measure of clinical success after an islet transplant that incorporates insulin independence or the need for insulin/OHAs, glucose control, and graft survival. We have developed a ␤-score that provides an integrated measure of ␤-cell function after islet transplantation using these parameters.
RESEARCH DESIGN AND METHODS -
The proposed ␤-score is a composite scoring system based on fasting plasma glucose values, HbA 1c , insulin independence or use of insulin/ OHAs, and the determination of stimulated C-peptide levels. The scoring system is shown in Table 1 . Normal values are given a score of 2, intermediate values merit a score of 1, and clearly abnormal values garner no points. Thus, a perfect score is 8, and a score of 0 indicates absolute absence of ␤-cell function. Normal fasting glucose was taken as Ͻ5.6 mmol/l (8), the upper limit of normal for HbA 1c in our laboratory is 6.1%, and the lower limit of normal for C-peptide is 0.3
Because it is possible, with good diabetes therapy, to have a normal HbA 1c or fasting glucose level yet have no endogenous insulin secretion, an arbitrary value of 0 was allotted if the stimulated Cpeptide was below the limit of detectability (0.1 nmol/l), as the primary goal of the score is to assess ␤-cell function. A stimulated C-peptide was defined as the Cpeptide after a standard mixed meal challenge (see below). On five occasions we have found the C-peptide response to be present with mixed meal testing but absent with intravenous arginine testing. We have never had an instance of Cpeptide being present with the intravenous arginine test but absent using the mixed meal test.
To validate the score, we examined the correlation between the 90-min glucose after a mixed meal stimulation test (n ϭ 218) and the ␤-score. We have previously indicated that a good simple measure of graft function in terms of insulin release is the glucose level determined 90 min after consuming a standard meal (Ensure HP) (1) . The meal tolerance test was performed in the fasting state, with blood drawn for glucose and C-peptide at baseline and then at 90 min after drinking 360 ml of Ensure HP (providing 391 kcal with 8.5 g of fat, 44 g of carbohydrate, and 17 g of protein). For subjects on insulin or OHAs, no diabetes medications were taken until completion of the test. Included in this analysis were 57 subjects (mean age 42.1 Ϯ 1.3 years and mean duration of diabetes 26.1 Ϯ 1.3 years) who had a meal tolerance test either pretransplant (n ϭ 35) or posttransplant. In six further instances in which the subjects were on insulin and the fasting glucose was Ͻ4.0 mmol/l at the start of the mixed meal challenge, the 90-min values were not used because it was felt that there was a surfeit of exogenous insulin present, invalidating the stimulation test as a measure of ␤-cell reserve. The median number of meal tolerance tests performed in each subject was three (interquartile range two to five). On 19 occasions for the meal tolerance test, the subjects were taking thiazolidinediones, and on 10 occasions, the subjects were on metformin, and these are included in the total 218 subjects. Results used were from subjects tested pretransplant and Ͼ3 months after transplant so that the HbA 1c value could be interpreted appropriately.
We also determined the score obtained longitudinally in the 44 subjects who were given an adequate number of islets to become insulin independent after the islet transplant. We examined the scores obtained at 3 months after the first transplant and at 1, 2, 3, 4, and 5 years after the first transplant. Yearly (Ϯ2 months) intervals were taken in order to capture as many data points as possible. If a mixed meal test was not performed around the time of scoring but the basal C-peptide was Ն0.3 nmol/l, it was assumed that the stimulated C-peptide was likewise Ն0.3 nmol/l. If the C-peptide was absent upon stimulation at any time point, then it was assumed to remain negative and the zero value was carried out to the end of follow-up for that subject. In six instances where there was a repeat stimulation test after a negative one, it was always found to remain negative.
For comparison, we also determined the score in a group of patients (n ϭ 12) after whole-pancreas transplant. Eleven of the subjects were men. The mean age of this group was 43.2 Ϯ 2.4 years, and the median time from transplant was 33.4 months (interquartile range 20.3-41.7).
Assays
Plasma glucose concentrations were determined by the glucose oxidase method. C-peptide was measured using a commercial assay (Diagnostic Systems Laboratories, Webster, TX). The lower limit of sensitivity for C-peptide was 0.1 nmol/l in our laboratory, and the intra-assay and interassay coefficients of variations were Ͻ9.5% and the normal range was 0.3-1.32 nmol/l.
Statistics
All statistical analyses including linear regression were performed using SigmaStat for Windows (version 3.0; SPSS, Chicago, IL). For group comparisons, one-way repeated-measures ANOVA on ranks with a Holm-Sidak test for repeated comparisons of pre-versus posttransplant was used. Best subsets and stepwise forward regression analysis was performed to determine the appropriate contributors to the ␤-score. Descriptive statistics are given as the means Ϯ SE or median (25-75% interquartile range) as appropriate. P Ͻ 0.05 was considered significant.
RESULTS -Using stepwise forward regression analysis, the ␤-score (dependent variable) could be predicted from a linear combination of the independent variables: fasting plasma glucose, stimulated C-peptide, daily insulin/OHA use, and HbA 1c (P Ͻ 0.001 for each). The addition of basal C-peptide to the model only improved the R 2 marginally. The basal C-peptide was highly correlated with the stimulated C-peptide (r ϭ 0.895, P Ͻ 0.001), and, thus, to prevent unnecessary overweighting of C-peptide, only the stimulated value was used in the scoring system.
The mixed meal tolerance tests were performed pretransplant, typically 3 months posttransplant, and then every 6 -12 months for as long as 5 years' posttransplant. The relationship of the glucose level 90 min after consuming the mixed meal versus the ␤-scores is shown in Fig. 1 , and a good correlation was evident (r ϭ Ϫ0.849, P Ͻ 0.001). If the pretransplant results were removed from the analysis, the relationship was still present (r ϭ Ϫ0.744, P Ͻ 0.001). Given the stringent criteria for a score of 8, a perfect score was achieved in only 16% of the subjects after islet transplant. Once adequate islet mass was provided and insulin independence achieved, the ␤-score was typically 6 -7. The fasting glucose was often above the threshold necessary for a perfect score, Ն5.6 mmol/l, i.e., the patients would be insulin independent, have C-peptide present, and have an excellent HbA 1c , but the mean fasting glucose remained slightly elevated. The ␤-score in *If fasting C-peptide was Ն0.3 nmol/l, then the stimulated C-peptide level was assumed to be Ն0.3 nmol/l. †If stimulated C-peptide was Ͻ0.1 nmol/l, then an overall score of 0 was awarded.
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the patients who had a whole-pancreas transplant was 7.3 Ϯ 0.3, with a median of 8 (interquartile range 7-8).
Examination of graft function longitudinally revealed a variety of patterns. Some patients lost graft function and showed a drop in their score, while others maintained good function. The score values over time are shown in Fig. 2 . At 3 months, many of the patients were still between their first and second transplants, but once independence was achieved, the score was excellent.
CONCLUSIONS -Assessing the adequacy of ␤-cell function after an islet transplant is difficult. Single measures such as glycemic control, C-peptide secretion, or insulin independence do not suffice, as considering one in the absence of others is inadequate. For this reason, a broader measurement that encompasses the major aspects of function is required. Such a measure would include the absence of or need for insulin/OHAs to control plasma glucose, measures of glycemia (fasting glucose or HbA 1c ), and an assessment of C-peptide secretion. The importance of maintaining some C-peptide secretion was evident in the Diabetes Control and Complications Trial (9), where the presence of some C-peptide was associated with less retinopathy and severe hypoglycemia. In addition, the benefit of being C-peptide positive after islet transplantation is being recognized in terms of improvement in long-term outcome for a concurrent kidney transplant (10) or diabetes complications (11, 12) . In terms of graft function, the currently proposed score is useful in that in the single value, an overall sense of how well the ␤-cells are functioning can be gleaned. The advantages of the score are the ease of its calculation and its broad intuitive nature. It encompasses whether the patient is truly insulin independent or has some partial function in the setting of the glucose control and subsumes Cpeptide secretion. In many ways, it is equivalent to an Apgar score in the neonate, a simple robust measure of outcome.
The ␤-score has an immediate application in the assessment of graft function after islet transplantation. As with pancreas transplantation, absolute success is easy to define in terms of normal glucose tolerance, insulin independence, and endogenous insulin release. Such a situation would merit a ␤-score of 8. However, frequently, the outcome is less clear cut. Insulin independence cannot be regarded as the only successful outcome measure, particularly if patients have unacceptable glycemic control or elevated HbA 1c . If a subject has an HbA 1c of 6.3% and a fasting glucose of 6.4 mmol/l and is insulin independent, the outcome is good but not perfect. The ␤-score in this situation would be 6. Another patient who is off insulin but has a fasting glucose of 7.2 mmol/l, an HbA 1c 7.4%, and taking metformin to assist the endogenous insulin reserve that is present but blunted may be content to be off insulin, but the graft is clearly not functioning as well. This last case scenario would have a ␤-score of 2, indicative of the real situation in terms of graft function. A final scenario might be when the subject is placed on a small dose of insulin "to protect the cells." In such a case, if all the other parameters were normal, the score would be 7. A score of 7 is clearly good, but if there is some doubt about the graft such that a small dose of insulin is being used, a perfect score should not apply. The ␤-score in the whole-pancreas transplant patients was excellent, confirming the perfect glucose control commonly found in these subjects. Thus, the score can provide an overall measure of the graft function, whether the setting is that of a whole-pancreas or islet transplant. A negative control group that could be considered are new-onset type 1 diabetic subjects who have some C-peptide secretion, but collecting such a group would be challenging given that only 35% of this population have demonstrable C-peptide secretion and half of these have lost their endogenous ␤-cell function by 1 year (9).
A potential drawback is the broad groupings that have been used. When other possibilities of varying degrees of glucose control, insulin use, or C-peptide secretion were tried, it became inordinately complex and difficult to use. We believe that the present scoring system achieves a balance that works. A second disadvantage is that in the presence of insulin resistance, a high C-peptide may be present, but yet the glucose may not be controlled. This may indicate that the cells are actually functioning quite well but reveals insufficient insulin for the degree of insulin resistance. In such a situation, the score will still be helpful in that it will not be normal by virtue of the hyperglycemia but still be in the upper tertile. By keeping to broad groupings rather than allotting extra points for higher Cpeptide levels, a compromise has been achieved that is worthwhile. We have previously suggested that the 90-min glucose after a mixed meal challenge is a good measure of endogenous insulin release. While this remains the case, it does not incorporate the issue of ambient glycemic control as in the HbA 1c and the use of insulin or OHAs, a deficit the ␤-score overcomes. We see both measures as complimentary: the ␤-score gives an overall measure of clinical outcome and the 90-min glucose an acute measure of ␤-cell reserve. Other measures of ␤-cell function are available, such as the Cpeptide level after intravenous arginine (13) and more detailed metabolic tests (14, 15) , but none of these give a composite measure of the success of the transplant. The C-peptide response after arginine could replace the mixed meal challenge for the determination of the stimulated C-peptide (13) , but this is in need of further study. For the ␤-score, what is required is a C-peptide after any adequate stimulus. A further issue is the weighting used in the score. Both glycemia and insulin secretion account for 75% of the values available, but this simply reflects the reality of the central nature of these components in determining ␤-cell function after an islet transplant. A point of note is that the score is assessing ␤-cell function and its impact on glycemia. Other important determinants of a successful islet transplant are measures of lability and hypoglycemia (4), the presence or absence of side effects (16), the impact on the long-term complications of diabetes, and quality of life measures.
In addition to its obvious use for assessing postislet or postpancreas transplant ␤-cell function, it is possible that this score could also have a use in the evaluation of new studies proposed for the prevention or immunotherapy of new-onset diabetes. There are many proposed trials attempting to preserve ␤-cell function in new-onset type 1 diabetes or in subjects identified to be at high risk for type 1 diabetes. A problem that besets all of these studies is standardization of the outcomes. Simple measures of C-peptide without some concomitant determination of glucose are difficult to interpret. Likewise, insulin independence is often not achieved in these patients, so measures of glucose control in subjects who continue on insulin will be inadequate. Composite scores such as that currently proposed may be helpful in this setting. Finally, the ␤-score allows a comparison of outcomes after transplantation from different transplant centers. Using insulin independence alone is dependent on the investigator's decision as to whether or not to stop insulin, as there are no agreed criteria at what level of glucose should the insulin be discontinued.
In conclusion, we have described a simple scoring system that encompasses glycemic control, diabetes therapy, and ␤-cell survival suitable as an overall measure of ␤-cell transplant success. The ␤-score gives an integrated measure of ␤-cell function on a continuum that may be more useful than arbitrarily assessing the presence or absence of insulin independence.
